Introduction
In this chapter, we discuss the possibility of quantum dot (QD) laser and QD semiconductor optical amplifier (SOA) applications in ultra-wideband (UWB) communication systems. We mainly concentrate on novel methods of UWB pulse photonic generation, UWB over optical fiber (UROOF) technology, and in particular, performance of analogous optical links in UROOF systems. We demonstrate that QD devices are promising candidates for different applications in the communication systems due to their low bias current, high temperature stability, extremely high operation rate, and the possibility of the light generation in a wide range of optical frequencies. We briefly discuss the state-of-the-art in UWB technology and present original results concerning UWB pulse photonic generation based on passive elements, and application of a QD laser in an analogous optical link. The chapter is constructed as follows. In Section 2, we discuss the UWB communication stateof-the-art. In Section 3, we discuss the photonic generation of the UWB pulses and present original experimental results concerning the generation of UWB Gaussian pulses with passive elements. In Section 4, we describe the novel approach to UWB communication systems known as UROOF technology which permits to increase dramatically the distance of the UWB signal transmission and to improve the UWB system performance. In Section 5, we analyze the structure and performance of an analog optical link as a key element of the UROOF communication system. The improvement of the analog optical link performance, especially with respect to operation rate and bandwidth, can be achieved by implementation of integrated photonic and electronic circuits. The possibilities of Si photonics applications in UROOF technology are discussed in Section 6. The key element of UROOF communication system is a laser diode as a source of a directly modulated optical carrier. The structure, operation principle and dynamics of QD lasers are discussed in Section 7. We have carried out numerical simulations for the analogous optical link with the QD laser instead of a conventional vertical cavity surface emitting laser (VCSEL) using the coupled rate equations. The theoretical results predict a high performance of such a link. Conclusions are presented in Section 8.
UWB Communications
UWB radar systems were developed primarily for radar and military applications Ghawami (2005) , Chong (2006) . Recently, UWB technology has been focused on consumer electronics and communications Ghawami (2005) . Possible UWB communication system applications include radars, wireless personal area networks (WPAN), sensor networks, imaging systems, UWB positioning systems, etc. Yang (2004) , Kshetrimayum (2009) . UWB transmission is characterized by high data rate, availability of low-cost transceivers, low transmit power, and low interference Ghawami (2005) , Qui (2006) . UWB systems have low power spectral density (PSD), and consequently can coexist with cellular systems, wireless local area networks (WLAN), global positioning systems (GPS) etc. Chong (2006) . UWB operate at the noise level or even below it, and for this reason they are inherently covert and difficult for unintended users to detect Chong (2006) . The three main types of UWB technologies are following Ran (2009).
1. Impulse radio (IR-UWB).
Direct sequence (DS-UWB).
3. Multi-band orthogonal frequency division multiplexing (MB-OFDM).
In IR-UWB, information is carried by a set of narrow electromagnetic pulses with bandwidth inversely proportional to the pulse width. The center frequency in IR-UWB is determined by the zero crossing rate of the pulse waveform. Various data modulation format (DMFs) may be used in the case of IR-UWB such as pulse amplitude modulation (PAM), pulse position modulation (PPM) and pulse shape modulation (PSM). DS-UWB is based on concepts of conventional DS spread spectrum (DS-SS). MB-OFDM is based on subdividing the UWB spectrum into 5 band groups and 14 sub-bands of 528MHz width composed of 128 sub-carriers OFDM modulated signals. The MB UWB OFDM technology combines the advantages of spectral efficiency (SE) DMFs and OFDM. OFDM has emerged as the leading physical-layer interface in broadband wireless communication systems because it is characterized by a comparatively low intersymbol interference (ISI), and it transfers the complexity of transmitters and receivers from the analog to the digital domain Shieh (2008 ), Armstrong (2009 . In OFDM the spectra of individual subcarriers overlap, but for linear channels the subcarriers can be demodulated without interference and without an analog filtering to separate the received subcarriers Armstrong (2009) . Optical OFDM has been proposed which is based on electronic signal processing before the optical modulator and after the photo detector (PD) Shieh (2008) . UWB signals are based on short pulses rather than the harmonic sine waves Qui (2006) . UWB can be described as baseband, carrier-free and impulse technology Ghawami (2005) . The extremely short UWB pulses can be distinguished from unwanted multipath reflections which leads to the multipath immunity; UWB pulses' low frequency components enable the signals propagate through materials; extremely high data rates can be achieved due to the large bandwidth; UWB transmitters and receivers are compact, low-cost, have low power consumption as compared to conventional narrow-band communication systems; they do not require expensive and large modulators and demodulators Ghawami (2005) . According to the Federal Communications Commission (FCC) decision, the unlicensed frequency band between 3.1 and 10.6GHz is reserved for indoor UWB wireless communication systems Qui (2006) . It is seen from the well known Shannon's capacity equation
that UWB systems have a great potential for high-capacity wireless communications Ghawami (2005) . Here C is the maximum channel capacity in bits/s, B is the channel bandwidth, in Hz, S is the signal power, in watts, and N is the noise power, in watts. PSD of UWB is defined as PSD = P/B where P is the transmitted power in watts Ghawami (2005) . It is very low compared to conventional systems due to a very large bandwidth B. For instance, for UWB power P = 1mW, we obtain PSD = 0.013W/MHz Ghawami (2005). After transmission, an electromagnetic signal travels by various paths to the receiver which is called a multipath phenomenon Ghawami (2005) . It is caused by the physical effects such as reflection, absorption, diffraction, and scattering, and leads, in particular, to ISI and a time delay Ghawami (2005 
Photonic Generation of UWB Pulses
UWB pulses are of nanosecond or picosecond order, with a typical pulse shape approximating a Gaussian function y g1 , a Gaussian monocycle y g2 and a Gaussian doublet y g3 given by the first and the second derivative of a Gaussian pulse, respectively Ghawami (2005)
where −∞ < t < ∞, τ is the time-scaling factor, and K 1,2,3 are normalization constants. Gaussian pulses are the most widely used waveforms due to their simplicity and feasibility . The important property of the Gaussian pulses (2), (3) is that they are almost uniformly distributed over their frequency spectrum Ghawami (2005) . Recently, a novel method of photonic passive generation of UWB pulse in the form of the Mexican hat mother wavelet (MHMW) proportional to the Gaussian doublet Rao (1998) has been proposed based on the system of two unbalanced Mach-Zehnder Interferometers (UMZIs) connected in parallel that does not contain any active elements Ben Ezra (June 2009). The proposed method provides the pulse shaping directly in the time domain and does not require additional optical filters and FBG. The block diagram of the UMZIs connected in parallel is shown in Fig. 1 . The UMZIs are chosen in such a way that the phase difference of the interfering signals at the output is equal to π. As a result, at the output of the UMZIs the interfering optical signals modulated by a Gaussian UWB pulse form the first-order difference approximating the Gaussian monocycle and the second-order difference approximating the Gaussian doublet. At the output of the system, the UWB monocycles and doublets can be converted to a UWB signal by means of a homodyne detection where the local oscillator frequency ω LO coincides with the optical carrier frequency ω Agrawal (2002) . In such a case the homodyne detected signal is proportional to the UWB modulated optical signal amplitude Agrawal (2002) , i.e. to the Gaussian monocycle or doublet in our case.
Fig. 1. The UMZIs connected in parallel
The UWB modulated optical carrier field E(t) = A(t)exp [−i(ωt + φ) ] is split in the two equal parts at the input of the system, and then the each signal is split equally once more at the input of the both UMZIs. Here A(t), φ are the amplitude and phase of the input signal, respectively. Assuming the delay time τ of the lower arm of the upper UMZI1 and of the upper arm of the lower UMZI2 and the delay time 2τ of the lower arm of the lower UMZI2 we can describe the interfering optical fields as follows.
It is easy to see from eqs. (6)- (8) that the output fields E 1out , E 2out of the UMZI1 and UMZI2, respectively, correspond to the first-order difference of the input signal E (t), and the system output signal E out (t) corresponds to the second-order difference of E (t) which represent the approximations of the first and second derivative of E (t), respectively . Similarly, in the case of the UMZIs connected in cascade shown in Fig. 2 we have for the interfering fields at the outputs of the UMZI1 and UMZI2.
Fig. 2. The UMZIs connected in a cascade
and expression (8), respectively. Evidently, in the both cases the output fields correspond to the Gaussian monocycles and doublets. The system can be made tunable by including into UMZIs a tunable delay line. In order to down-convert the output monocycle and doublet modulated optical signals, the coherent-detection technique is used where the local oscillator frequency ω LO = ω Agrawal (2002) . In order to improve the accuracy of the homodyne detection we use the same laser as a source of the externally UWB modulated optical signal and the continuous wave (CW) optical signal. The detector photocurrent I (t) is given by Agrawal (2002) 
where R is the detector responsivity, P out = KA 2 out , P LO = KA 2 LO , A out , A LO , φ out , φ LO are the output signal and local oscillator optical powers, amplitudes and phases, respectively, K is a constant of proportionality. The phase difference φ out − φ LO can be eliminated by using a phase shifter. Then, the homodyne signal is given by Agrawal (2002) 
Eq. (13) shows that the homodyne signal is proportional to the Gaussian doublet. Obviously, down-conversion of the output signals of MZI1 or MZI2 yields the homodyne signal proportional to the Gaussian monocycle. Typically, the local oscillator power is much larger than the output signal, and optical losses in the MZI system can be neglected:
For the typical values of R = (0. Fig. 4 is generated at the output of the UMZI system as a result of the monocycle interference and further coherent homodyne detection. We have used the following data: the time window is 6.4 × 10 −9 s, the sample mode bandwidth is 1.28THz, the carrier sample mode frequency is 193.1THz, the sampling rate is 160 × 10 9 Hz, the impulse bit rate 10Gb/s, the delay time of the optical delay line is 166ps. We have carried out experimentally the generation of the UWB monocycles and doublets for the case of the UMZIs connected in cascade. Block diagram of the experimental setup is shown in Fig. 5 . It consists of the following components: 1550nm distributed feedback (DFB) coaxial laser, 10Gb/s amplitude modulator, single mode wideband optical couplers (OCs), analog PIN detector, a monolithic broadband amplifier GALI 39+, 50Ω, DC to 7GHz, a variable optical attenuator, and connecting single mode fibers (SMFs). The UWB modulated optical signal from the laser is fed into a MZM after the OC. Electrical pulses of a fixed pattern, corresponding to one "1" every 128 bits with a bit rate of 10GHz, in such a way that the repetition rate is 78.125MHz come from a pulse pattern generator Anritsu MP1763B driving the MZM. Fullwidth at half-maximum (FWHM) of the optical pulse is τ = 100ps. Recently, self-organized In(Ga)As/Ga(Al)As QD lasers grown directly on Si have been demonstrated Mi (2009) . In the framework of an integrated all-optical signal processing system, such an externally or directly modulated QD laser can be used as a source of UWB modulated optical carriers. Integrated UMZIs based on Si waveguides can then generate UWB Gaussian monocycles and doublets.
UWB over Optical Fiber (UROOF) Technology
Fiber-optic communication systems use carrier frequencies in the visible or near-infrared region of the electromagnetic radiation spectrum, i.e. about 10 14 Hz, and can be applied for the information transfer from one place to another. Fiber-optic communications have the following advantages Agrawal (2002): 1. Extremely low fiber losses exhibiting a minimum loss of about 0.2dB/km near the wavelength λ = 1.55µm
2. Compatibility with semiconductor lasers and SOAs.
3. The possibility of operation as Erbium doped fiber amplifier (EDFA), or Raman fiber amplifier.
4. High bit rate of information transmission.
5. Large transmission distances.
6. The possibility of a system capacity increase by virtue of OFDM technology.
7. Soliton communications.
Fiber-optic communication system can be divided into three groups: (i) point-to-point links;
(ii) distribution networks; (iii) local area networks (LAN) Agrawal (2002 1. The conversion process becomes transparent to the UWB modulation method.
2. The high costs of additional electronic components required for synchronization and other processes can be avoided.
3. The integration of all the RF and optical transmitter/receiver components on a single chip is possible.
For the sake of definiteness, we consider the analog optical communication systems which permit the transmission of multilevel modulated radio signals as an envelope of the optical carrier over the optical fiber Ran (2009).
UWB Analog Optical Link
In this section we briefly discuss the problems related to the high-performance optical links in UROOF communication systems. UWB high-speed optical link includes E/O converter, an optical fiber, and optical/electrical (O/E) converter Ran (2009). We need to carry out the modulation of an optical signal, or up-conversion, at the input of the UROOF system, and separation of the electrical signal envelope from the optical carrier, or down-conversion (detection), at the output of the UROOF system Ran (2009). After the O/E conversion, a conventional radio receiver can be used for the further detection of a multilevel modulated signal Ran (2009). The optical link block diagram is shown in Fig. 10 . During E/O conversion process, UWB analog signals are imparted onto the optical carrier via an optical modulation device where any parameter of the optical carrier can be modulated such as intensity, phase, frequency, or polarization. The intensity modulation is commonly used in analog optical links. There are two main methods of optical carrier intensity modulation: direct modulation and external modulation. In the first case, the analog UWB signal modulates the intensity of the diode laser which possesses a sufficient bandwidth; in the second case, the laser operates in a CW regime and the intensity modulation is imposed via an external device Cox (2003) . A directly modulated link combines a diode laser with a photodiode detector Cox (2003) . External modulation is usually realized by MZI fabricated in electro-optic crystal LiNbO 3 , and an externally modulated link combines a CW laser, MZI modulator and a photodiode Cox (2003) . The performance of the analog optical link is characterized by three most common and basic parameters: the intrinsic link gain, noise figure (NF), and intermodulation-free dynamic range (IMFDR) Cox (2003) . These parameters are defined as follows Cox (2003) . The intrinsic link gain g i (without any amplifiers) is defined as the available power gain between the input to the modulation device and the output of the photodetection device. NF specific for the modulation links has the form.
where (S/N) in , (S/N) out are signal-to-noise ratio (SNR) at the input and output, respectively, T is the temperature in K, the input noise N in is taken as thermal noise at T = 290K,
and the link noise N link consists of the sum of laser relative intensity noise (RIN) and thermal noise of the modulation and photodetection devices. The IMFDR is defined as the SNR for which the non-linear distortion terms are equal to the noise floor. The two most common IMFDRs are the second-and third-order non-linear distortions Cox (2003) . The advantages of the direct modulation are the simplicity and low cost. The most promising laser diodes for the direct modulation in UROOF optical links are low cost, compact, easily packaged VCSELs Ran (2009). The low level of RIN and coupling losses can be achieved in the case of a single-mode VCSEL. However, the VCSEL performance in analog communication systems is significantly lower than in digital ones Ran (2009). For instance, the strong nonlinearity in VCSELs gives rise to IMFDR related mainly to the third order intermodulation which results in the dynamic range limitation. For this reason, lasers with better performance are needed. In the following sections we consider QD lasers as promising candidates for the improvement of the optical link performance.
Possible Si Photonics Applications in UROOF Technology
The existing UROOF systems are relatively large and expensive since they are based on discrete photonic and microwave components made from III-V based compounds such as GaAs, InP, or the electro-optic crystal LiNbO 3 Reed (2004) , Yao (2009) . In order to reduce size and lower the cost of the components, it is necessary to develop novel O/E and E/O components and subsystems for the UROOF based on Si photonic integrated circuits (PICs) Yao (2009) . Generally, the Si photonics development is crucial for UROOF system performance improvement. The advantages of the Si photonics are the compatibility with the silicon manufacturing, low cost, the highest crystal quality, the strong optical confinement, the possibility of strongly pronounced nonlinear optical effects, high-quality silicon-on-insulator (SOI) wafers serving as an ideal platform for planar waveguide circuits Jalali (2006) . Silicon photonics may provide such devices as integrated transceivers for synchronous optical networks, optical attenuators, optical interconnects for CMOS electronics, photonic crystals, waveguide-to-waveguide couplers, Mach-Zehnder interferometers, arrayed waveguide gratings (AWG), etc. Reed (2004) , Jalali (2006) . The principal goal of electronic and photonic integrated circuits (EPIC) development is the monolithic integration of silicon very large scale integration (VLSI) electronics with Si nanophotonics on a single silicon chip in a commercial state-of-the-art CMOS SOI production plant Soref (2006) . The serious challenge of the Si based photonic integrated circuit is the fabrication of Si-based, electrically pumped light-emitting devices (LEDs) since Si possesses an indirect band gap with a low probability for radiative electron-hole recombination Reed (2004) . In order to prevent carrier diffusion to nonradiative centres the low-dimensional structures such as porous silicon, nano-crystals, Er-doped nano-crystals have been proposed Reed (2004) . The performance of light-emitting devices based on the crystalline, amorphous and Er-doped Si nanostructures has been investigated, and a stable electroluminescence (EL) at 850nm and 1.54µm has been demonstrated Iacona (2006) . Si QDs embedded in the silicon nitride thin films may provide an alternative possibility for a Si-based full-color emission Sung (2006) . Still, the electrical carrier injection and the efficient extraction of the emitted are the main obstacles for the fabrication of the highly efficient Si based LED Sung (2006) . Recently, InGaAs QD lasers on Si have been developed and monolithically integrated with crystalline and amorphous Si waveguides and InGaAs quantum well (QW) electroabsorption modulators (EAM) Mi (2009) . The measured threshold current for such QD lasers is still much larger than that of QD lasers grown on GaAs. However, under certain technological conditions, the performance of QD lasers on Si may be essentially improved, and the characteristics comparable to the QD lasers grown on GaAs substrates can be achieved Mi (2009) . Then, the high performance 1.3 and 1.55µm QD lasers on Si can be realized Mi (2009) . In the framework of an integrated all-optical signal processing system, such an externally or directly modulated QD laser can be used as a source of UWB modulated optical carriers. Integrated UMZIs based on Si waveguides can then generate UWB Gaussian monocycles and doublets. Taking into account the unique possibilities of the Si photonic integrated circuits combined with InGaAs QD lasers we may predict the essential improvement of the UWB optical links based on such devices. We used the QD laser rate equations and investigated theoretically the direct modulation of QD laser radiation and its influence on the optical link performance.
QD Lasers
In this section we briefly describe the structure and optical properties of QDs. Then, we discuss the QD laser dynamic model based on the coupled rate equations for carrier population. We present the original results based on the numerical simulations for the analog optical link containing a QD laser.
QD Structure
Quantization of electron states in all three dimensions results in a creation of a novel physical object -a macroatom, or QD containing a zero dimensional electron gas. Size quantization is effective when the QD three dimensions are of the same order of magnitude as the electron de Broglie wavelength which is about several nanometers Ustinov (2003) . QD is a nanomaterial confined in all the three dimensions, and for this reason it has unique electronic and optical properties that do not exist in bulk semiconductor material Ohtsu (2008) . An electron-hole pair created by light in a QD has discrete energy eigenvalues caused by the electron-hole confinement in the material. This phenomenon is called a quantum confinement effect Ohtsu (2008) . The different types of QDs based on different technologies and operating in different parts of spectrum are known such as In(Ga)As QDs grown on GaAs substrates, InAs QDs grown on InP substrates, and colloidal free-standing InAs QDs. QD structures are commonly realized by a self-organized epitaxial growth where QDs are statistically distributed in size and area. A widely used QDs fabrication method is a direct synthesis of semiconductor nanostructures based on the island formation during strained-layer heteroepitaxy called the StranskiKrastanow (SK) growth mode Ustinov (2003) . The spontaneously growing QDs are said to be self-assembling. SK growth has been investigated intensively for InAs on GaAs, InP on GaInP, and Ge on Si structures Ustinov (2003) . The energy shift of the emitted light is determined by size of QDs that can be adjusted within a certain range by changing the amount of deposited QD material. Evidently, smaller QDs emit photons of shorter wavelengths Ustinov (2003) .
The simplest QD models are described by the spherical boundary conditions for an electron or a hole confinement in a spherical QD with a radius R, or by the cubic boundary conditions for a parallelepiped QD with a side length L x,y,z Ohtsu (2008) . In the first case, the electron and hole energy spectra E e,nlm and E h,nlm are given by, respectively Ohtsu (2008)
where
E g is the QD semiconductor material band gap, m e,h are the electron and hole effective mass, respectively,h = h/2π, h is the Planck constant, and α nl is the n-th root of the spherical Bessel function. In the second case, the energy eigenvalues E e,nlm and E h,nlm are given by, respectively Ohtsu (2008)
The density of states (DOS) ρ QD (E) for an array of QDs has the form Ustinov (2003)
where δ E − E e,nlm is the δ-function, and n QD is the surface density of QDs. Detailed theoretical and experimental investigations of InAs/GaAs and InAs QDs electronic structure taking into account their more realistic lens, or pyramidal shape, size, composition profile, and production technique (SK, colloidal) have been carried out Bimberg (1999 ), Bányai (2005 , Ustinov (2003) . A system of QDs can be approximated with a three energy level model in the conduction band containing a spin degenerate ground state GS, fourfold degenerate excited state (ES) with comparatively large energy separations of about 50 − 70meV, and a narrow continuum wetting layer (WL). The electron WL is situated 150meV above the lowest electron energy level in the conduction band, i.e. GS and has a width of approximately 120meV. In real cases, the QDs vary in size, shape, and local strain which leads to the fluctuations in the quantized energy levels and the inhomogeneous broadening in the optical transition energy. The QDs and WL are surrounded by a barrier material which prevents direct coupling between QD layers. The absolute number of states in the WL is much larger than in the QDs. GS and ES in QDs are characterized by homogeneous and inhomogeneous broadening Bányai (2005) . The homogeneous broadening caused by the scattering of the optically generated electrons and holes with imperfections, impurities, phonons, or through the radiative electron-hole pair recombination Bányai (2005) is about 15meV at room temperature. The eigenspectrum of a single QD fully quantized in three dimensions consists of a discrete set of eigenvalues depending only on the number of atoms in it. Variations of eigenenergies from QD to QD are caused by variations of QD's strain and shape. The finite carrier lifetime results in Lorentzian broadening of a finite width Ustinov (2003) . The optical spectrum of QDs consists of a series of transitions between the zero-dimensional electron gas energy states where the selections rules are determined by the form and symmetry of QDs Ustinov (2003) . In(Ga)As/GaAs QDs are characterized by emission at wavelengths no longer than λ = 1.35µm, while the InAs/InP QDs have been proposed for emission at the usual telecommunication wavelength λ = 1.55µm Ustinov (2003) .
Dynamics of QD Lasers
Fabrication techniques, structure, electrical and optical properties as well as possible applications of QD lasers have been thoroughly investigated Ustinov (2003) , Ledentsov (2008 ), Mi (2009 . QD lasers based on self-organized InGaN, InAs, InGaAlP nanostructures have been proposed for different applications from the ultraviolet (UV) to the far infrared (IR) spectral range Ledentsov (2008) . They demonstrate extremely low threshold current densities, high temperature stability, potential low wavelength chirp, fast carrier dynamics, and modified DOS function which should lead to the improved performance Ustinov (2003) , Thompson (2009) . In particular, the InAs/GaAs QD lasers based on 3-D nanometer scale islands with dimensions of about 10nm are promising in fiber optic applications in the 1.3µm wavelength range. QD edge-emitting lasers and VCSELs can be realized Ustinov (2003) , Ledentsov (2008) . In UWB optical link applications the QD laser direct modulation is essential. The detailed study of QD laser dynamics is necessary for the evaluation of signal dispersion, modulationinduced chirping, linewidth, etc. Tan (2009) . Modulation characteristics of QD lasers are limited by small area density of QDs grown by SK technique and the inhomogeneous gain broadening caused by the QD size fluctuations Sakamoto (2000) , Sugawara (2002 ), Sugawara (2004 , Ledentsov (2008) . A Gaussian distribution may be used for the description of the QD sizes, and it shows that the discrete resonances merge into a continuous structure with widths around 10% Bányai (2005) . The ensemble of QDs should be divided into groups by their resonant frequency of the GS transition between the conduction and valence bands Sugawara (2002) , Sugawara (2004) . However, in some cases the gain broadening is desirable providing a stable VCSEL operation in a wide temperature range Ledentsov (2008) . It may be also helpful in the case of single-source multichannel data transmission systems Ledentsov (2008) . It has been shown theoretically that the inhomogeneous broadening in QD SOA limits the pulse duration to nanoseconds or even several dozen picoseconds for a large enough bias current Ben Ezra (2007). Unlike bulk and QW lasers, the modulation bandwidth in QD lasers is essentially determined by the carrier relaxation and radiative recombination due to the complete quantization of the energy levels Chow (2005) .
The analysis of QD laser dynamic behavior can be derived from the phenomenological rate equations, or from quantum mechanical theories. A semiclassical approach is based on the laser field and active medium description by the Maxwell-Bloch equations which account for nonequilibrium effects on time scales from subpicosecond to nanoseconds Chow (2005) . This microscopic approach is extremely complicated due to a large number of effects to be included in general case. The alternative phenomenological approach based on the coupled rate equation system for the carriers is widely used both for QD lasers and for QD SOAs Berg ( Kim (2009) . Typically, the electron-hole pair is considered as a one bound state, or an exciton, and only the carrier dynamics in conduction band is investigated. Recently, a more complicated model has been proposed for QD SOA where the dynamics of electrons and holes has been considered separately Kim (2009) . We use the standard approach where the hole dynamics is neglected. The QD laser model includes WL, upper continuum state (CS), GS and ES where the carriers are injected into WL, then they relax to CS serving as a carrier reservoir, and finally to GS and ES in each QD ensemble Yavari (2009 ), Tan (2009 . The energy band structure of the QD laser is shown in Fig.  11 . 
Here I is the current injection, η i is the internal quantum efficiency, q is the electron charge, the subscript j refers to the jth group of QDs, the subscripts w, u, e and g refer to WL, CS, ES and GS, respectively; N w , N u,j , N e,j , N g,j are the carrier populations in the WL, CS, ES, and GS of the jth QD group, respectively; S m is the number of photons in the mth mode, c is the free space light velocity, Γ is the optical confinement factor, g mn is the linear optical gain of the nth QD group contributing to the mth mode photons, τ wr is the recombination lifetime constant in the WL, τ wu is the average carrier relaxation time from WL to CS, τ r is the common recombination lifetime in each group of QDs, τ uw is the excitation lifetime from CS to WL. The total active region volume V A is given by Tan (2009) .
where H is the QD height, L is the laser cavity length, d is the width of the device, n w is the number of dot layers in the active region.
Direct Modulation of QD Lasers by UWB Signals in an Analog Optical Link
In order to investigate the performance of the analog optical link containing a QD laser, we have carried out the numerical simulations of the QD laser direct modulation in the MB OFDM case using rate equations ( Fig. 13 . The modulated signal was transmitted over SMF of a 1km length and detected with a photodiode (PD). The responsivity of PD was R = 0.95A/W and the radio frequency bandwidth was 10GHz. The constellation diagram of the received baseband UWB signal is shown in Fig. 14 . The constellation diagram clearly shows the high quality of the transmission over the optical link containing QD laser which corresponds to the nondistorted form of the optical signal and its spectrum.
Conclusions
We have discussed state-of-the-art of the UWB communications, the novel trends such as UROOF technology, theoretical and experimental results for the photonic generation of UWB pulses, the importance of the high level integration of novel photonic and electronic components for UWB communications, and applications of QD lasers and QD SOAs. The integration of QD lasers with the Si photonics on a Si platform can significantly improve the performance of UWB communication systems and reduce the cost. We have carried out the numerical simulations for the analog optical link containing the QD laser. The performance of the optical link is significantly improved due to high linearity, large bandwidth and low noise of the QD laser. Further detailed theoretical and experimental investigations in the field of QD devices are required in order to develop new generations of UWB communication systems mainly based on the all-optical signal processing.
